Abstract. We discuss the possibilities and limitations of the use of theory as a tool in the evaluation of actinide fission and capture cross sections. We consider especially the target 235 U as an example. We emphasize the roles of intermediate structure in the fission cross section and of level width fluctuations in both intermediate structure and fine structure, noting that these lead to a breakdown of Hauser-Feshbach theory at sub-barrier and near-barrier energies. At higher energies (where fluctuation-averaged Hauser-Feshbach theory is applicable) semi-quantitative and intuitive representations of transition state spectra and barrier level density functions have to be tested against experimental data wherever these are available. Adjustment of the fission cross section against inelastic scattering to the much better known levels of the residual nucleus should then lead to a fairly sound estimate of the capture cross section. We compare such estimates with evaluated and experimental data for 235 U.
INTRODUCTION
Theoretical estimates are normally used in the creation of evaluated data files when there are no experimental data available, or the experimental data are discrepant or otherwise untrustworthy. In the case of the actinides, measurements of fission cross sections have been made of a large number of nuclides, including many with quite short half-lives. Even if these measurements have uncertainties as large as 20%, they are likely to be at least as reliable as theoretical estimates. On the other hand, far fewer measurements of capture cross sections have been made, and these are generally of much poorer accuracy than the fission cross-section measurements. We therefore believe that theoretical methods can make a substantial contribution to capture cross-section evaluations of the actinides.
By theory in this connection we mean essentially nuclear reaction theory modified to incorporate the fission reaction. Just as the usual parameters for use in reaction theory (neutron transmission coefficients, strength functions, radiation widths, level spacings) are derived from experimental data by fitting to the theory and extended to energy ranges or nuclides where data are unavailable by interpolation or extrapolation, often guided by nuclear models, many of the fission reaction parameters have to be obtained by fitting to available experimental fission data from a variety of sources. For example, fission barrier heights can be obtained from neutron-induced fission cross sections when the neutron separation energy is lower than the barrier, or, for the appropriate compound nucleus, from the fission probability measured following a particle transfer reaction such as (t,pf). When no appropriate data are available for a required compound nucleus, barrier heights can be selected by interpolation or extrapolation, preferably guided by the trends resulting from Strutinsky or Hartree-Fock-Bogoliubov theory. It should be noted that the absolute values of barrier heights presently calculated from such theories are not sufficiently accurate for cross-section calculations.
In this paper we consider the impact of such theoretical treatment using the target 235 U as an example. In this case the fission cross section of the nucleus in its ground state is very well-known (accuracy 1-2%) and there are a number of measurements of the capture cross section and of α with considerably poorer accuracy up to a neutron energy of 1 MeV. However, some integral measurements suggest that the capture cross section in the evaluated data file ENDF/B-VI is too low. Therefore we adjust parameters to fit the fission cross section and thus obtain an estimate of capture.
LOW ENERGY REGION: INTERMEDIATE STRUCTURE

Uniform Picket Fence Model
The basic nuclear reaction theory required for neutron energies up to a few MeV is Hauser-Feshbach (HF). Inclusion of fission in HF imposes special problems owing to the complexity of the potential energy surface in deformation space. In the actinides the principal feature arising from this is the doublehumped fission barrier, which governs the fission reaction channel in a complicated way. In the subbarrier and near-barrier energy range the fission strength is clustered into groups around the class-II levels of the secondary well. Hence the average fission probability is reduced below the HF value that is calculated from the average fission width. For a uniform picket fence model (UPF) of the intermediate structure a treatment is given in [1] . The fission probability formula is very different from the HF form. Fig. 125 of [2] shows an example of the quantitative difference, the HF formula lying up to one order of magnitude above the UPF curve for the same barrier parameters.
Width Fluctuations
Fluctuations of level widths and related quantities reduce the average fission probability even more. Although in modern HF theory fluctuations in the widths of resonance levels are taken fully into account, when the fission reaction is included the fluctuations in the class-II levels causing the intermediate structure must also be considered. Because observed class-II spacings in uranium and higher-Z nuclides are quite small (~100 eV -1 keV) it is clear that the properties of these states are "quantum-chaotic." Below the fission barrier the frequency function of the class-II fission widths will be approximately Porter-Thomas. The coupling matrix elements between the class-II and class-I states are expected to be subject to a frequency function in two variables, one being the variation with respect to class-I states for a given class-II state; this will have the form of a Gaussian with zero mean. The other is the variation with respect to class-II states of the squared matrix element averaged over class-I states; this is expected to be of Porter-Thomas form. A Monte Carlo approach to averaging over the width fluctuations and level spacing fluctuations is described briefly in [3] , in which a chart of the calculated fluctuation-averaging factor is also shown. Taking account of width fluctuations can lower the fission probability given by the UPF model by a factor as small as 0.35. This is important in determining barrier heights from experimental data.
Barrier Height Determination
A calculation of the fission probability of the J π = 4 + states of the compound nucleus 236 U with inner and outer barrier heights of 5.5 MeV is shown in Fig. 1 . In the excitation energy range shown, radiative capture is the only reaction competing with fission. The curve 'UPF with fluctuations' has been calculated with the full Monte Carlo averaging method. The curve marked 'Statistical Model' is the calculation using HF theory with the simple statistical model estimate of the fission transmission coefficient over a double-humped barrier.
The curve 'statistical model with fluctuations' is the statistical model fission coefficient with fluctuations in the properties of the class-II states taken into account as described below. It is clear from this example that the use of the HF reaction theory in analysis of data can result in raising the extracted barrier heights by up to 0.5 MeV. This will have an impact on analysis of data or prediction of cross-sections at higher energy by distorting the barrier physics (transition state spectra and level densities). 
ABOVE BARRIER REGION Barrier Transition States
The neutron separation energy lies approximately 1 MeV above the fission barrier of 236 U. At each barrier a number of collective transition states govern the value of the fission width at relatively low neutron energies. In our calculations the inner barrier is assumed to be soft to gamma vibration; we assume a basic gamma phonon energy (K π = 2 + ) of 0.25 MeV (cf. 0.8 MeV at outer barrier). The outer barrier is assumed to be mass asymmetric with a mass asymmetry (K π = 0 -) vibration energy of 0.1 MeV (cf. 0.7 MeV at inner barrier). Other collective modes include the bending vibration (K π = 1 -) (0.8, 0.6 MeV at inner, outer barrier, respectively) and appropriate rotational bands on all these vibrations and their combinations. These transition states with empirical values of the barrier penetrability factors [2] provide the input to calculate the average fission width using the Hill-Wheeler barrier penetration factor.
The Statistical Model Fission Transmission Coefficient
In the statistical model it as assumed that the compound nucleus equilibrated in well I makes a transition over the inner barrier A, with transmission coefficient T A . After equilibration in the secondary well II, it can make a transition back over the inner barrier, or to fission over the outer barrier B, with the transmission coefficient T B . The overall transmission coefficient to fission from well I is therefore
T f = T A T B /( T A + T B ) .
A microscopic demonstration of the statistical formula goes as follows. For each class-II state µ the contribution to the locally averaged fission width of a group of resonances is
where H µ is the coupling matrix element between the class-II and class-I state and Γ µ(A) = 2π <H 2 µ >/D I , the angular brackets here denoting averaging over class-I levels. Averaging over an energy interval ∆E containing a large number of class-II states gives for the average resonance fission width 
Fission Cross Section of 235 U
Application of the statistical formula, modified for class-II fluctuations, to s-wave neutron-induced fission of 235 U gives the results shown in Table 2 . We also show in that Table the results of an extensive and careful analysis of the cross-section resonances [5] . There is quite good agreement between experiment and theory. The analysis of [5] extends to 110 eV. From 110 eV to 1.5 keV the analysis is of "pseudoresonances," with no assignment of spin, but suggests overall an average fission width a little lower than the value up to 100 eV. Our calculated average fission cross section up to 1.5 keV agrees well with the crosssections calculated from the resonance parameters of [5] as shown in Fig. 3 for the energy range to 10 keV. The capture cross section for the same energy range is shown in Fig. 4 . The value of the radiation width used here is also from [5] . Although there is quite good agreement with the analysis of Leal et al. [5] up to 1.5 keV, it is clear that the theory is 30-40% higher than the ENDF/B-VI file for the remainder of the range. 
HIGH-ENERGY REGION
For neutrons of higher energy interacting with 235 U our knowledge of barrier transition states becomes much less certain. Above the neutron separation energy we approach the top of the pairing energy gaps in the level spectra at both barrier A and B deformations. We do not know the exact values of these energy gaps; they are functions of both the dependence of the pairing force on nuclear deformation and the values of single-particle state densities. Above the energy gaps we do not have quantitative knowledge of the level density behaviour. Asymmetries in the nuclear shape are expected to give rise to collective state enhancement [6] due to axial asymmetry at the inner barrier and mass asymmetry at the outer barrier. But we also expect a basic level density increase because of higher single-particle state densities at the barrier deformations.
However, we seem to have almost complete knowledge of the states of the residual nucleus for inelastic scattering up to about 1 MeV, so we can make quite good estimates of the transmission coefficients for this process. By adjustment of the barrier level densities we can fit the fission cross section, thereby obtaining good estimates of the summed transmission coefficients to use in estimating the capture cross section. Our calculated capture cross section from 10 keV to 1 MeV is 30-40% higher than the ENDF/B-VI file. If we compare with actual experimental data sets, however, we find that there is a great deal of variation amongst these, and our calculations are in reasonable agreement with some of the sets with higher average values. Sensitivity analyses against quantities such as neutron strength functions do not show sufficient variation to explain the large difference between theory and the ENDF/B-VI file. We conclude that new measurements of the capture cross section with one of the new generation of modern gamma-ray detectors such as DANCE at Los Alamos are highly desirable.
